Flaky skin (gene symbol fsn) is an autosomal recessive mutation that causes pleiotropic effects of anemia, papulosquamous skin disorder, and gastric forestomach hyperplasia. In this report, we assign fsn to distal chromosome 17 and characterize the anemia. The decrease in hematocrit levels and red blood cell counts is significant and persists throughout life in fsnlfsn mice. There is compensatory enlargement of the heart, liver, and spleen by 8 weeks of age, whereas the thymus is less than one half normal weight. Nucleated cell counts in the peripheral blood are increased 15-to 30-fold, primarily due to an increased percentage of normoblasts. The fsnlfsn mice examined at 8 weeks of age have significantly increased reticulocyte counts and protoporphyrin levels but reduced hemoglobin concentration, suggesting possible abnormalities of hemoglobin metabolism.
N AUTOSOMAL RECESSIVE mutation, designated flaky skin (fsn), arose spontaneously in the Animal Resources A/J inbred mouse strain at The Jackson Laboratory (Bar Harbor, ME) in September 1984. Thefsnlfsn mice were identified by their sparse pelage and reduced growth rate when compared with their normal (either +/+ or +lfsn, hereafter +/?) littermates. The skin disorder is characterized by a progressive papulosquamous disease that has been proposed as a model for some forms of psoriasis.' The skin lesions noted shortly after weaning include a fine scale that progresses to large flakes of white cornified debris associated with focal alopecia. Microscopic observations show epidermal hyperplasia, diffuse orthokeratosis with focal parakeratosis, focal neutrophil accumulation in the stratum corneum, dilated dermal capillaries, and dermal inflammatory cell infiltrates.
In BALBlcBy.A/J-fsnlfsn mice, early but mild manifestations of the skin disorder occurs simultaneously with the anemia, suggesting that the adult severe dermal hyperplasia is a primary but delayed effect of the mutation. It is the purpose of this report to map thefsn locus and to describe the blood disorder. Our results show that the anemia of newborn mutant mice is hypochromic and normocytic and becomes more severe with age. The data are consistent with an inability to appropriately use iron but whether defective iron use is a primary or a secondary cause is currently unclear. The Erythrocyte membrane fragility is normal. Compared with normal +/? littermates, kn/fsn mice (1) lack splenic and hepatic stores of elemental iron, (2) have the ability to transport -Fe across the duodenal cells and into the blood, (3) have increased levels of transferrin in serum, and (4) have acute loss of urinary 59Fe. Hemolysis is indicated by increased serum bilirubin and high blood reticulocyte numbers. Collectively, the genetic, hematologic, and pathologic data indicate a severe hematologic disorder caused by homozygosity for the fsn mutation that differs from other known hematologic mutations in the mouse. The mechanism whereby fsn induces the reported pleiotropic effects has yet to be elucidated. 0 1995 by The American Society of Hematology.
mapping data do not provide a candidate gene because the mutation is in a region of chromosome 17 devoid of other well-characterized genes.
MATERIALS AND METHODS

Mice.
The fsn mutation arose on the A/J background but, because of maintenance difficulties, the mutation was moved to the BALBIcByJ (CBy) strain background by standard backcross-intercross. Because neither female nor male fsnlfsn mice will mate, fsnl fsn ovaries were transplanted into ovariectomized severe combined immune deficient (scidscid) female mice before mating to CBy-+I + males. Intercrosses of the f s d + mice from the N1-N5 generation provided the majority of mice used in these studies. Data collected earlier from the AIJ-fsnlfsn and -+I? complement the CBy.A/J results.
All mice were maintained in polycarbonate boxes (324 cm') on white pine shavings, fed autoclaved Wayne Autoclavable Rodent Blox (24% protein, 4% fat, 4.5% fiber, vitamin and trace mineral fortified; Teklad, Madision, WI), and continuously provided chlorinated water (IO to 20 ppm residual chlorine). Animal facility environmental conditions were maintained at 14-hour 1ight:lO-hour dark cycles, 30% to 60% relative humidity, and 20°C to 23°C ambient temperature. Matings were inspected several times a week to accurately establish the date of birth and to identify the number of mutants in each litter. The anemic neonatal mutants were identified by their pallor. Litters were weaned at 21 to 24 days of age and housed with like-sex littermates. Whenever possible, mice were assigned to experiments as fsnlfsn and +I? littermate pairs.
Body and organ mass. Groups of neonatal and young adult fsnl fsn and +I? littermates at the N3F2 generation were necropsied for comparative data on body and organ weights. Neonatal data from both sexes were pooled within genotypes, whereas adult data were kept separate by gender as well as by genotype.
Genetic mapping. An intersubspecific F2 analysis was undertaken to determine linkage of fsn. Ovariectomized CBy-scidscid females bearing ovaries from fsnlfsn mice were mated with Mus musculus castaneus (CASTEi) males. Intercrossing the (CASTEi x CBy)FI-+lfsn mice yielded 19.6% mutants (70 fsdfsn and 287 phenotypically normal progeny), which is not statistically different from the 25% incidence expected of an autosomal recessive gene. Offspring were scored at 6 to 8 weeks for mutant phenotype by presence of a low hematocrit level, enlarged spleen, hyperplasia of the limiting ridge of the stomach, and striation of fur on the ventral skin. Spleen, liver, and kidneys from phenotypically affected mice were snap frozen in liquid NZ and stored at -70°C. High molecular weight DNA was prepared using standard chloroform-phenol meth- A second cohort of similarly aged mice from the N5F2 generation were bled and differential counts were performed on methanol-fixed, May-Grunwald-Giemsdstained cytocentrifuge preparations of heparinized peripheral blood diluted 1:100. At least 300 to 500 cells were counted for each mouse at 1,OOOx magnification and the nucleated cells were classified according to Dunn's criteria! A profile of hematopoiesis was established by measuring packed cell volumes (PCV) in the N4F2 and N5F2 fsdfsn and their +/? littermates at weekly intervals through 4 weeks and then biweekly through 20 weeks.
Peripheral blood cells were prepared for analysis by JEOL Scanning Electron Microscopy (SEM; JEOL, Tokyo, Japan). Orbital sinus blood samples were collected from two pairs of 8-week-old adult fsnlfsn and +/? mice and immediately diluted in 1 m L , pyrogenfree, mouse Hanks' solution, pH 7.4 (150 mmol/L NaCl, 4 mmoV L KCI, 2 mmoVL CaCI2, 1 mmol/L MgSO,, 10 mmol/L HEPES, 2 mmol/L KH2P04, and 1 mmom K2HP04; Ken Shortman, personal communication, 1994. Cells were washed twice in the mouse Hanks' solution; the pellet was resuspended in 3% glutaraldehyde, 1% paraformaldehyde in cacodylate buffer; and the cells were prepared for SEM.
The fragilty of erythrocyte membranes was examined by measuring lysis in the presence of a NaCl gradient, as previously de~c r i b e d .~.~ Briefly, cells contained in 65 pL whole blood were washed twice in phosphate-buffered saline (PBS) and then brought to a final volume of 1 mL in PBS. A NaCl gradient from 0.85% to 0.10% was prepared and 50 NL of washed blood cells was diluted in 5 mL and incubated at room temperature for 15 minutes. Cells were then centrifuged and the supernatant was measured at 420 nm.
Iron metabolism. Two studies of iron metabolism were conducted to examine the role of iron uptake and distribution in N1F2 fsdfsn mice at 12 weeks of age. First, to determine if iron transport across the gut wall was impaired, Fe59 uptake from the duodenum into the blood of mutant and +I? littermates was assessed. Three pairs offsnlfsn and +I? mice were anesthetized with tribromoethanol (0.025 mg/g body weight)' and a midline abdominal incision was made that allowed access to the small intestine. A 5-cm duodenal segment immediately distal to the pancreatic duct was surgically ligated in situ at both ends with its blood supply intact, as previously described.* After the injection of approximately 4 pCi 59FeC13 (specific activity, 185 GBq/g; DuPont NEN, Boston, MA) diluted in 0.85% NaCl into the ligated sac, the surgical incision was closed with wound clips and the mice were placed in a warm recovery cage. The appearance of 'Te radioactivity was assessed in 25-& blood samples taken at 1 hour and at 3 hours after injection. Mice were then killed and necropsied and organ samples were weighed and assessed for amount of 59Fe in a Nuclear Chicago model 1185
Gamma Spectrometer (Nuclear, Chicago, L).
Second, to ascertain the fate of iron in the mutant mice, 4 pCi of 59FeC13 in saline was administered per os to 12 fsnlfsn and +I? littermate pairs. The 12 pairs of mice were placed in stainless steel metabolism cages and received a standard diet and water ad libitum. Urine was collected every 24 hours and the "Fe radioactivity was measured. Four pairs of mice were killed at 24,72, and at 120 hours. The mice were necropsied, tissues were dissected and weighed, and 59Fe radioactivity was assessed.
Serum chemistry. Data on serum chemistry was sought from young adult fsdfsn and +/? littermate mice to gain further insight about the mutant phenotype. Serum protoporphyrin levels were estimated by the method of Sassa and Bernstein.' Transferrin was analyzed by cellulose acetate electrophoresis of mutant and normal samples and densitometric comparison with rat transferrin standards." Truncal blood samples were obtained at necropsy from N4F2 mice and from N9F2 mice for serum iron and bilirubin. Samples were refrigerated on ice overnight and sera separated from the blood clots the next morning. All serum analyses were performed by AniLytics, Inc (Gaithersburg, MD).
RESULTS
Genetics.
Over a 3-year period, the mating pairs of A/ J-+lfsn mice produced a total of 317 offspring, consisting of 272 +l? and 45 fsnlfsn mice. The frequency of mutant offspring (14.2%) was approximately half the frequency expected from heterozygous matings of a recessive mutation. This finding suggested either poor penetrance of the fsn mutation or in utero death of the A/J-fsnlfsn mice. When F1 progeny were examined from 5 litters of known carriers of fsn outcrossed to CBy-+/+ mice, no mutants were observed. The F1 siblings tested as +lfsn were mated together and produced 141 normal and 46 mutant F2 mice, equally distributed by gender, with a frequency of 24.6% F2-fsdfsn progeny. The young adult CBy.AIJ-fsnlfsn mice have a distended abdomen; sparse fur on head, neck, and abdomen; characteristic papullosquamous psoriasis-like lesions".'*; and are pallid. The data indicate that the reduced incidence of mutants in the A/J strain is most likely a function of deleterious modifying genes in the NJ strain but does not discriminate between loss in utero and incomplete penetrance. Allelism tests were conducted with +lfsn mice mated to mice heterozygous for recessive mutant genes known to cause hemolytic spherocytosis (sph"), jaundiced (ja), normoblastosis (nb), or iron deficiency anemia (rnk).I5 No anemic young were produced. Chromosomal localization of the fsn locus was determined by preparation of a DNA panel from 63 (126 chromosomes) fsnlfsn mice from the intercross of (CAST/Ei X CBy)Fl-+lfsn mice. The fsn locus was assigned to chromosome 17 by linkage to the SSLP marker D17Mit2. Recombination frequencies between D17Mit2 and fsn was 8% (10/126), whereas recombination between a more proximal marker D17MitlO and fsn was 35% (44/126; Fig 1) . The recombination frequencies betweenfsn and the two markers placefsn near the distal end of chromosome 17.
Body and organ mass. The body mass and relative weights of organs in the N3F2 generation are presented in Table 1 . Neonatal fsnlfsn mice were distinguishable from normal littermates based on pallor, but no significant differences in the body weights or organ/body weight ratios were noted. By contrast, the young adult fsnlfsn mice were significantly smaller in body mass than +/? littermates, and liver, spleen, and heart orgadbody weight ratios were significantly increased. Thymic mass showed a significant reduction in males but not in females. Thymic histology showed a markedly reduced cortex cellularity in the 8-weekold mutant (data not shown).
Hematology. Blood samples obtained from N3F2 neonatal and adult fsnlfsn and +/? mice showed marked disturbances in blood cell parameters (Table 2 ). RBCs and PCV were significantly reduced in the mutants at all ages. MCV was within the normal range except in 56-day-old male mice, in whom the cells appeared macrocytic. FACScan analysis of enriched reticulocyes/RBCs showed that fsdfsn cells were slightly larger, suggesting that, when the large numbers of smaller nucleated cells are eliminated, the cells remaining are macrocytic (data not shown). The mean cell hemoglobin and hemoglobin concentrations were lower in neonates and . Mutant nucleated cells were fragmented even under mild cytospin conditions. SEM analyses (Fig 3C and D) showed that fsnlfsn erythrocytes were highly variable in size adult fsnlfsn mice, with the adult mutant hemoglobin concentration significantly reduced in both sexes. The reticulocyte prcentage was markedly increased in adult fsnlfsn mice. The onset and progression of the anemia in N4F2 and N5F2 mutant mice was measured by determining packed cell volumes through 20 weeks of age (Fig 2) . Newborn fsnl fsn mice had significantly lower PCVs (fsnlfsn: 25.2% 2 1.2% v +l?: 33.6% 2 2.6%; P = .03) and the mean PCV of fsnlfsn mice declined continuously from 1 week onward. € 3~ contrast, the mean PCV in +l? littermates increased steadily postnatally, achieving adult levels by 6 weeks of age. Similar findings were made in 8-week-old A/J mice dfsdfsn: 26.7%; +/?: 40.1%).
Interestingly, the nucleated cell counts were increased 15-to 30-fold over the levels seen in +l? littermates (Table 2) . It was impossible to identify these cells in blood smears because many broken (smudge) cells were present whose morphology could not be ascertained. Therefore, differential counts were performed on cytospin preparations of blood from N5F2 neonate and adult fsnlfsn and +l? mice (Table   3) . A large proportion of blood cells in both neonatal and adult fsdfsn mice were nucleated and the greatest proportion of these nucleated cells appeared to be erythroblasts.
At 56 days, mutant erythrocytes were characterized by a broad range of morphologic features that differed from the -Histology and iron metabolism. Histologic sections of liver and spleens from mutant and normal littermates at 8 weeks of age were characterized by marked extramedullary hematopoiesis (data not shown). The livers of fsnlfsn mice were enlarged and all of the portal triads and many of the central veins were surrounded by a mixture of blast cells, band cells, and smaller numbers of mononuclear cells. Hemosiderin-laden macrophages were absent from mutant liver. The enlarged spleens of mutant mice were characterized by lack of the prominent white pulp follicular pattern typical of normal spleens and by extensive erythropoietic activity. Especially striking was the absence of cytochemically detectable iron stores in both spleen and liver from A/ J-fsnlfsn but not from A/J-+l? mice.
A study of three pairs of AIJ-fsnlfsn and +/? mice showed elevated RBC protoporphoryn levels (fsnlfsn: 3.01 ? 0.21 pg/mL packed RBCs; +l?: 1.29 2 0.03 pg/mL packed RBCs). Serum transferrin levels were elevated in 3 pairs of A/J mutant mice as well (fsdfsn: 7.60 t 0.24 mg/mL v +l ?: 4.77 ? 0.27 rngird). Results were strongly indicative of altered iron metabolism. Therefore, investigation of 59Fe transport from intestinal lumen to the blood was tested in isolated duodenal segments in situ of 8-week-oldfsnlfsn mutant and normal mice. Blood samples from mutant mice showed significantly higher levels of 59Fe than samples from +/? littermates at 180 minutes (fsnlfsn: 3,236 5 539 cpm/ 25 pL blood v +l?: 530 ? 14 cpd25 pL blood).
Data showing the disposition of 59Fe during the 5-day period after administration of the isotope to mutant and normal mice are presented in Table 4 . Significant differences 
in iron levels were found only at 24 hours. Urine and blood levels were higher, whereas spleen, liver, and duodenal tissue were lower i n f d f w than in +/? mice. This finding confirms the theory that f w d f~n mice can absorb and distribute "Fe.
Serum chemistry. Data gathered on ions from N 4 F 2 f d fvn and +l? mice are presented in Table 5 . Among the cations,fdfw mice had lower levels of K+, Mg'+, and Zn" compared with levels in blood of +/? mice. Serum from N9F2 mice showed significantly decreased ( P < .025) iron concentration infdffsn (205 +-8 pg/dL, n = 5 ) versus +l? (260 t 17 pg/dL, n = 6) littermates.
DISCUSSION
Thefw mutation consistently causes three apparently unrelated effects in the homozygous state: a papulosquamous disease of the skin,' gastric forestomach hyperplasia," and a severe hemopoietic disorder. The characteristic pathologic changes of the skin disease are presented elsewhere.' Data in this report describe the anemia, show it is distinct from 1 BEAMER ET AL the anemia associated with other known mouse mutations,'6 and suggest a possible cause.
The genetic mapping data from the intersubspecific F2
bm'J~n progeny show that the mutation is located on the distal end of chromosome 17. Of the more than 24 mutant genes of both dominant and recessive inheritance in the mouse that are known to affect erythropoiesis, none maps to the same region of chromosome 17. By this same criterion, the globin genes are eliminated as candidates forfsn.".'" The location offw places it in a region of chromosome 17 that contains genes homologous to chromosome 2~21-22 in the human." At this time, no heritable human diseases with phenotypic characteristics offdj3n mice are located in this region of 2p. There are also no genes mapped to distal chromosome 17 that could be considered candidates for the fsn mutation. Fine mapping of this region continues as additional genetic markers become available.
The blood data fromfsnlfsn mice indicate that the hematopoietic system is under a marked proliferative stress. The * Mean value for fsn/fsn is significantly different from +R control by t-test at P < .05.
liver as well as the spleen are enlarged and contain active sites of hemopoiesis. Preparations of mutant peripheral blood cells show high reticulocyte percentage and 65% to 80% of the nucleated cells appear to be erythroblasts. Despite attempts to compensate for the anemia, the severity of the hematopoietic manifestations increases with age, as indicated by the progressive decrease in PCV. Although osmotic fragility is normal, the increased serum bilirubin levels suggest hemolysis. Evidence of intravascular hemolysis has been noted (J.P. Sundberg, unpublished data). Tissue iron stores are negligible and serum iron is significantly decreased, whereas transfenin is increased in fsdfsn mice. In addition, parenteral iron is present in the peripheral blood and in urine within the first 24 hours after presentation but does not accumulate in hematopoietic tissues. The ane- mia in fsnlfsn mice occurs at a different level of iron use than that of two other mutants. In mice with microcytosis (mWmk), there appears to be a generalized impairment of cellular iron uptake involving transfer of iron from the intestinal lumen to mucosa and from plasma to erythroblast.'* Iron replacement therapy initiates improvement of the blood parameters, but a cure requires implantation of normal blood forming cells accompanied by iron treatment.I5 In mice with sex-linked anemia (slaN), iron enters the mucosal lining of the intestine but is not transferred efficiently into the bl00d.'~ However, iron therapy is curative.20 The mutation hemoglobin deficit, hbd, in the mouse,*' like the anemia of the Belgrade rat:2 affects use of iron by erythroblasts. Hemoglobin deficit does not map to chromosome 17 (J.E. Barker, unpublished data) but may share a common pathway with fsn. The mutations mk, hbd, and fsn appear to affect steps leading to iron incorporation and subsequent use in the cell and may provide an opportunity to dissect iron metabolism within the erythroblast.
It is interesting that the mWmk mice have skin lesions accompanying their microcytic anemia. Russell et a123 noted that skin lesions in mWmk mice included scaliness of all body skin and ring-like constrictions on the tail that are first detected between 1 and 3 weeks subsequent to the onset of anemia at birth. Although mWmk and fsdfsn mice share phenotypic characteristics of anemia and skin lesions, they differ in that iron transfer across the intestine in fsdfsn mice does not appear to be blocked by mutant gene action. Nevertheless, the deficiency in available iron may be linked to skin lesions in both mutations.
The reduced serum levels of Zn2+ and Mg2+ found in f s d fsn mice could also contribute to the phenotypic features. These divalent cations are important constitutents in numerous proteins with structural or enzymatic roles in the bioFor personal use only. on October 3, 2017. by guest www.bloodjournal.org From chemistry of the mammalian cell. Both experimental and genetic deficiencies of Zn2+ have been reported to cause skin lesions. Acrodermatitis enteropathica is a rare autosomal recessive trait in humans caused by defective intestinal absorption of Zn2+. A similar disease occurs in Holstein-Fresian and Danish black pied cattle in which homozygotes develop cutaneous infections, alopecia, hyperkeratotic skin lesions in an acral distribution, and hypoplasia of the thymus, lymph nodes, Peyer's patches, and ~p l e e n .~~.~~ The lethal milk ( h ) mouse mutation is caused by dams producing less milk with a low Zn2+ content. Pups die within 5 to 10 days exhibiting stunted growth and acute Our data do not yet determine whether either Zn2+ or cellular Fe2+ deficiencies in fsnlfsn serum are direct or indirect effects of the mutant gene action.
The fsn mutation is a unique mutation affecting hematopoiesis and skin. The cellular mechanisms leading to these pleiomorphic effects are unknown. Further studies into the physiologic basis of the flaky skin disease in combination with additional genetic mapping may provide insight into the mechanisms of anemia and skin disorders.
